The through-process microstructural effects in A356 subjected to rotary forming at elevated temperatures have been investigated. Macro and micro-hardness testing have been used extensively to track changes in the material from the as-cast state to as-formed, and T6 heat treated. Targeted thermal treatments have been used to isolate the effects of mechanical deformation through comparative measurements. These measurements include macro and micro hardness measurements, Energy-dispersive X-ray analysis and examination of eutecticSi particle size and morphology. The results indicate that the as-cast material is stable up to approximately 144
Introduction
The use of Al-Si-Mg alloy castings enables the manufacture of near-net shape, lightweight 2 components for many industries. However, design considerations must be made to account for casting inhomogeneity and porosity that may limit service life [1] . Forging the casting 4 during solidification [2] or through rheocasting [3] is one method for improving mechanical properties. These processes typically involve prohibitively high forming loads, accompanied 6 by high operational costs. An alternative to minimize these negative aspects for axisymmetric components is through rotary forming. 8 Rotary forming is a general term to describe similar forming techniques such as spinning, shear/flow forming, which are incremental forming techniques employed on circular or tubular workpieces. The workpieces, or blanks, are attached to a mandrel and are spun into contact with an impinging roller or stationary tool which locally plasticizes the mate-12 rial and induces it to move axially and radially. A general review of spinning processes has been conducted by Wong et al. [4] . Music et al. [5] recently conducted an extensive review 14 specifically devoted to process mechanics. Experimental studies of this process conducted at ambient temperatures on wrought aluminum alloys have demonstrated that large amounts 16 of plastic deformation may be imparted. Haghshenas et al. [6] reported that equivalent strains of up to 1.2 may be imparted to Al 6061-O workpieces, and 1.7 for steel workpieces 18 [7] . Applications of this forming technique specifically to cast aluminum alloys have shown the potential to reduce or eliminate porosity and thereby significantly improving fatigue per- 20 formance. However, due to the lack of ambient ductility, spinning of cast aluminum alloys requires deformation at elevated temperatures in order to achieve a sound product. 22 Mori et al. [8] conducted spinning experiments on cast A357 alloy blanks machined from larger castings at temperatures between 350 and 400
• C. Post-deformation analysis 24 found that porosity had been eliminated for wall thickness reductions of 25% and greater.
While not quantified, it was reported that the dendrite arm spacing (DAS) was reduced 26 in-line with the wall reduction level. As compared to unformed material, it was reported than the yield strength of the formed material increased after T6 heat treatment (solution 28 treatment at 545
• C for 4 hours, followed by ageing for 8 hours at 175 • C). Ductility, as characterized by elongation, was increased by approximately twofold over all deformation 30 levels. Furthermore, the as-deformed material was not characterized prior to heat treatment and it is therefore difficult to differentiate between the effects on strength due to deformation 32 and heat treatment.
Zhao et al. [9] conducted elevated temperature spinning experiments on strontium mod- 34 ified, low pressure die cast A356 tubes with a starting wall thickness of 23.0 mm. At severe wall thickness reductions, the dendritic structure was no longer recognizable in some loca-tions. Average dendrite arm spacing was modified from 37.2 to 23.0 µm at wall thickness reductions of 80%. Mechanical testing of this material also showed improvements in the 38 mechanical properties following heat treatment. It was reported that the Brinell hardness increased by ∼14% with a 70% wall thickness reduction. The hardness reported in the un-
40
formed condition matched that of Tash et al. [10] for material in the solutionized condition suggesting that a non-standard heat treatment was employed. Zhao (Fig. 4) , this represents a slight decrease in yield strength. This is incongruent with measurements reported by Mori et al.
52
and Zhao et al., which indicate that deformation improves mechanical properties.
For the most part, these studies show that mechanical properties of cast aluminum alloys 54 are improved significantly by rotary deformation, however, they lack any insight into the cause of the change in mechanical properties. While the constitutive behaviour of this alloy 56 in the as-cast (AC) condition has been characterized [12] , the effect of holding the AC structure at elevated temperatures for forming purposes, followed by deformation has unknown 58 implications on the final heat treatment. The purpose of the this study is to characterize the modification of the microstructure of A356 from the AC condition through spinning (at 60 varying intensities), followed by heat treatment. This is accomplished through microstructural observations on specimens with various thermomechanical histories, coinciding with 62 extensive macro and microhardness measurements. which forms Al-Fe-Mg-Si structures. A356 is rarely employed in the AC condition owing to the coarse morphologies of eutectic-Si particles and non-uniform distributions of precipitates.
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Strength and elongation can be improved through heat treatment and chemical modification,
with the latter achieved through the addition of small amounts of Na and Sr. These addi-
72
tions change the morphology of the eutectic-Si, rendering a structure which is less acicular and more fibrous and refined. Tempers applied to these alloys serve to modify the eutectic 74 structure and refine/redistribute the Mg 2 Si particles. The T6 treatment optimizes strength and ductility and is one of the more commercially common heat treatments for modified ing) should be minimized as it reduces the precipitation driving force necessary for artificial ageing [13] .
82
As-cast microstructure refinement is achieved primarily through decreasing solidification time. This is readily observable in the dendrite arm spacing (DAS), which is primarily 84 dependent on the cooling rate [14] and to a lesser degree, composition [15] . 
Heat treatment
The solution treatment is applied to induce three phenomena to occur: i) dissolu- avoided. A356 has been shown to be completely homogenized after between 30-180 minutes [20, 21] , with longer times favoured to dissolve intermetallics [22, 23] . Too long a solutionizing 108 treatment can cause suboptimal eutectic particle sizing through coarsening [17, 24] . persaturation at the start of artificial ageing [25, 26] . Artificial ageing should take place immediately after quenching to minimize any ageing at ambient conditions (natural ageing).
112
Edwards et al. [27] 
Implications
The mechanical properties of heat treatable aluminum casting alloys are dependant on 120 microstructural features spanning several length scales, which are all affected by rotary forming at elevated temperatures. There is the potential for mechanical processing to affect 122 the microstructure, and due to the AC material being held at temperature prior to forming, there is also potential for thermal effects. This includes changes to the precipitate structure 124 and distribution, in addition to the final eutectic-Si particle distribution in the T6 condition.
Material and experiment methodology 126
The material investigated in this study is strontium-modified, low pressure die-cast (LPDC) A356 supplied by a North American aluminum alloy wheel manufacturer with the 128 nominal chemical composition given in Table 1 . This was supplied in the form of LPDC wheels, which were then machined to form blanks with a ∼330 mm diameter and ∼10 mm and exhibits little to no work hardening [12] . Heat transfer to the mandrel was abated by the application of a refractory-type coating 1 to the inner diameter of each blank. The time of increased heat transfer to the mandrel. The length of time each sample was exposed to 148 elevated temperatures is given in Table 2 . The uniformity of heating was verified using a single blank instrumented with 3 embedded type-K thermocouples spaced axially equidistant 150 and 30
• circumferentially and recorded with a wireless data acquisition (DAQ) system. The circumferential temperature difference was negligible, and the axial temperature distribution 152 was within 8
Non-contact blank surface measurements were attempted using infrared thermocouples with the least deformation corresponds to that normally seen in spinning operations, with the others corresponding to increasing levels of 'overspinning', with the peak-formed specimen 170 approaching deformation conditions experienced in flow forming [4] . These workpieces are further referred to as 'L', 'M' and 'H' denoting low, medium and high levels of deformation.
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Once the workpieces had cooled, sections were removed for analysis and the remainder of the material was subjected to a T6 heat treatment within 48 hours of forming. Along 174 with material from an unformed blank, the formed materials were solutionized at 538
• C for 3 hours, quenched in water at 65
• C and immediately artificially aged at 155 • C for 3 hours.
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A complete representative thermal history is given in Fig. 3 for all processing steps. Smaller samples were extracted from an unformed blank in the AC condition and the corresponding 178 region in the H sample. These smaller AC samples were the subject of an ageing study and a number were deep-etched to reveal eutectic particle morphology as presented in Section 5. In 180 conjunction with those extracted from the H workpiece, these samples were then subjected to microhardness and SEM analyses as discussed in later sections.
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Various cross-sections were extracted from an unformed blank and the formed blanks.
Cross-sections in the AC, formed, and T6 (AC-T6 and formed-T6) states were then mounted 184 and polished with alumina to at least 1 µm. due to processing.
212
In total, 9 blank cross-sections were analyzed through hardness profiling. These were axial and circumferential cross-sections of the as-cast blank, axial cross-sections of as-formed 214 blanks and all axial cross-sections in the T6 condition. Each digitized cross-section was scaled to ensure indents were spaced far enough from the specimen edge, and then uni- Additionally, the increased hardness values in these areas (sections 8 and 9, 6 -9, and 4 -9, 244 respectively), are higher closer to the surfaces deformed by the roller. This type of localized distribution has also been seen in the rotary forming of steel [30] .
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In order to track the effects of processing on DAS, five optical micrographs/fields were selected at random along each of 11 locations shown in Figs. 6 and 7 at a depth between for all specimens is presumed to be related to the presence of elevated levels of eutectic.
Comparing results in each condition at each section, these results suggest that the DAS has 254 not been significantly affected by the deformation levels achieved during forming. This would also indicate that DAS is not an effective quantifier of highly local changes to microstructure 256 imposed by rotary forming processes, particularly when high levels of deformation has been shown to decimate dendritic structure in other studies [9] . 
Heat treated materials
The formed specimens in the T6 condition show an overall increase in hardness (Fig.   260 9), however the hardness distribution in the specimens changed significantly. Here, formed regions show decreasing hardness with increased deformation. The elevated hardness region 262 found in the unformed workpiece (Fig. 9a, location 11 imen. Unformed regions in specimens subjected to rotary forming (Fig. 9b-c, location 1) are found to be marginally higher than the unformed workpiece by approximately 5 kg/mm 2 266 (Fig. 9a, section 1) . The 15 kg/mm 2 difference in hardness between unformed and heavily deformed material (referring to sections 10 and 11) represents a 20% decrease in strength
268
( Fig. 4) .
Clearly, the microstructure has been significantly altered by the forming process. Even 
300
• C 350
• C 400
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• C Figure 10 : Comparative H V5 results of specimens initially in the as-cast condition and after holding at various temperatures and times.
50 minutes. The temperature history of each sample was monitored with a thermocouple.
The approximate time to cool to 100
• C for all specimens was 3.5 minutes. as temperature increases, the standard deviation in the hardness measurements diminishes.
Apelian et al. [17] reported that the equilibrium solubility of Mg and Si in solid aluminum 294 increases by an order of magnitude when the temperature is increased from 300 to 400
Thus, increasing the temperature will affect the following phenomena:
296
• Coarsening of Mg 2 Si precipitates that formed during initial casting;
• Complete or partial dissolution of small Mg 2 Si precipitates;
298
• Eutectic-Si spheroidization beyond initial fragmentation; and
• Eutectic-Si coarsening beyond spheroidization. time, coincident with increased levels of dissolution attained at temperature.
Microstructure

314
To examine the effects of hold temperature on the microstructure, the specimens held at each respective temperature for 50 minutes were analyzed via optical microscopy and EDX.
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These specimens were also deep etched through immersion in Kellers etch (10% hydrofluoric acid and 5% hydrochloric acid by volume in water) for 50 minutes to reveal the insoluble sil- A sample of undeformed material following the complete T6 heat treatment was also 334 analyzed using this methodology. The results of this analysis are also presented in Fig. 11 .
The distribution of Mg in this sample is approximately the same compared to the sample held 
344
Prior to heat treatment, the eutectic-Si particle size has decreased and has been compacted in line with the deformation. There is less evidence of spheroidization having occurred, as 
Eutectic particle shape and size
356
The Lifshitz, Slyozov and Wagner (LSW) coarsening model [32, 33] provides a means of quantifying eutectic particle size evolution with time:
Competitive coarsening driven by diffusion, as described by the LSW model [32, 33] , predicts a steady-state lognormal distribution of particle sizes aboutd once fragmentation is 360 complete [34] . The presence of these hard Si particles within the softer Al matrix results in a strengthening effect due to the eutectic phase consistent with metal matrix composite 362 theory [35] . Idealized particle morphology minimizes size and aspect ratio, with a consistent distribution. This arrangement maximizes the eutectic particles interfacial surface energy 364 with the surrounding matrix.
In order to quantify the effects of different processing paths on the eutectic particles,
366
particle analysis using optical microscopy was conducted on specimens of AC material solu-tionized at 540
• C for 50 minutes, unformed-T6 material and T6 treated material drawn from 368 the H specimen. The particle characteristics were quantified with equivalent circle diameter (ECD) and aspect ratios measured from best-fit ellipses. The measurements were then fit to 370 a log-normal probability density function (PDF) according to:
where x is ECD or aspect ratio, m and s are the mean and standard deviation of the natural 372 logarithm of x. The resulting statistics in terms of arithmetic mean, mode, m and s 2 are summarized in Table 3 and Fig. 13 . This analysis indicates that the aspect ratio does 374 not vary significantly between the different processing paths. As the melt was chemically identical for all specimens, a possible explanation for this is that the modification technique 376 produces a narrow range of aspect ratios after fragmentation. Wang [36] also showed that the distribution of aspect ratio in modified A356/357 was nearly identical, with only unmodified and finally the unformed material having the largest particle size. The ECD and aspect ratio measurements of the unformed material are comparable to those of Wang et al. [36] 382 for modified A356-T6, and the ECD measurements are approximately half of those found for unmodified A357-T6 [36, 29] .
384
The results for the solutionized material and the unformed material in the T6 condition are consistent with phenomena associated with standard solution treatment. As reflected 386 in the aspect ratio and ECD measurements, the solutionized material did not coarsen to the same extent as the T6 specimen owing to the longer time at temperature for the latter 388 material. Assuming the k coefficient (Eq. 2) is the same for both formed and unformed material and takingd as the mode value, these results indicate that deformation fragments 390 the eutectic-Si to a much greater extent, leading to smaller eutectic particle sizes after heat treatment. However, it appears that the deformation does not uniformly fragment the 392 eutectic, as the formed materials show marginally larger aspect ratios than unformed. 
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Figure 13: Eutectic particle ECD and aspect ratio PDFs.
Phase-specific effects of processing
In an attempt to ascertain the degree to which processing history affects the primary versus the eutectic phases, microhardness tests with a very low load were employed to selec- hardness of the formed material's eutectic phase is 28% less than that of the unformed, which
indicates that the principal cause of the hardness decrease observed in formed samples in 422 the T6 condition (Fig. 9 ) is due to changes localized in the eutectic. treatment. This coincided with a large decrease in macrohardness in heavily deformed regions over unprocessed material, which can be mainly attributed to changes in the eutectic 438 particle morphology, and potential recrystallization.
Eutectic particle size and shape analysis showed that rotary forming fragments the eu- forming, further study is required to identify the optimum particle size and solutionizing time to arrive at the desired strength and characterizing any recrystallization phenomena 452 which may have occurred.
